Polyketides draw much attention because of their potential use in pharmaceutical and biotechnological applications. This study identifies an abundant pool of polyketide synthase (PKS) genes from local isolates of tropical fungi found in Thailand in three different ecological niches: insect pathogens, marine inhabitants, and lichen mutualists. We detected 149 PKS genes from 48 fungi using PCR with PKS-specific degenerate primers. We identified and classified 283 additional PKS genes from 13 fungal genomes. Phylogenetic analysis of all these PKS sequences the comprising ketosynthase (KS) conserved region and the KS-acyltransferase interdomain region yielded results very similar to those for phylogenies of the KS domain and suggested a number of remarkable points. (i) Twelve PKS genes amplified from 12 different insect-pathogenic fungi form a tight cluster, although along with two PKS genes extracted from genomes of Aspergillus niger and Aspergillus terreus, in reducing clade III. Some of these insect-specific fungal PKSs are nearly identical. (ii) We identified 38 new PKS-nonribosomal peptide synthetase hybrid genes in reducing clade II. (iii) Four distinct clades were discovered with more than 75% bootstrap support. We propose to designate the novel clade D1 with 100% bootstrap support "reducing clade V." The newly cloned PKS genes from these tropical fungi should provide useful and diverse genetic resources for future research on the characterization of polyketide compounds synthesized by these enzymes.
One hallmark of tropical countries is the tremendous availability and diversity of natural resources. Tropical forests, freshwater reservoirs, and seas are home to an uncountable number of species, ranging from microorganisms (e.g., bacteria, fungi, and protozoa) to invertebrates to vertebrates to plants. Thailand is no exception. The country has a large collection of fungi found in different niches and habitats in its ecosystems. Interesting groups include fungi that are associated with insects, those that inhabit the sea, and those that are in lichen complexes; these are referred to here as insect fungi, marine fungi, and lichenized fungi, respectively. The first group is of particular interest because it represents a remarkable relationship (in this case, pathogenesis) between the fungi and their insect hosts. These entomopathogenic fungi were isolated from the dead insect bodies in different stages (e.g., larvae, pupae, nymphs, or adults). The marine fungi used in this study were mostly isolated from the living or dead plant parts floating at the seashore, whereas the lichen mutualistic fungi were isolated from lichen complexes on the bark of trees in tropical forests in Thailand. All these fungal isolates were deposited in National Center for Genetic Engineering and Biotechnology (BIOTEC) Culture Collection (BCC). The BCC has one of the richest collections (approximately 400 species and 5,000 isolates) of insect fungi in the world (19) .
Secondary metabolites may play an important role in organisms that synthesize them, for example, in spore development (7) , protection, or host virulence (5) . Polyketides (PKs) are natural secondary metabolite compounds derived from the condensation of acyl coenzyme A subunits in a head-to-tail manner, and they have a tremendous diversity in structure (33) . Structural diversification of the PKs includes a variation in the number of subunits, types of subunits, degree of chemical reduction of the ␤-keto thioester, extent of stereochemistry of the ␣-keto group at each condensation, and subsequent processing (e.g., cyclicization) (25, 28, 33) . The high therapeutic and economic value of PK compounds has attracted the interest of drug companies and government research agencies. Some PKs are commercially available for medical treatments, such as grahamimycin and patulin (antibiotics), lovastatin and compactin (cholesterol-lowering agents), griseofulvin (an antibiotic/antifungal agent), and monocerin (an antifungal agent).
Enzymes that synthesize the PKs are called PK synthases (PKSs). PKSs are multifunctional enzymes that are composed of three principal domains: ketoacyl synthase (KS), acyltransferase (AT), and acyl carrier protein (ACP). Fungal PKSs are type I, multifunctional large enzymes and use an iterative strategy to synthesize PKs. They can be divided into two groups, nonreducing (NR) and reducing (4) , and further subdivided into NR subclades I, II, and III and reducing subclades I, II, III, and IV (26) . NR PKSs include those synthesizing pigments or aflatoxin. Reducing PKSs are involved in the synthesis of PK compounds with various chemical reductions in structure.
Apart from the three major domains (KS, AT, and ACP) present in all PKSs, reducing PKSs contain three additional domains, i.e., dehydratase, enoyl reductase, and ketoreductase, which are involved in the reduction of the keto group to various stages (i.e., alcohol, unsaturated thiolester, and full saturation, respectively), therefore enhancing diversity of the PK structure.
Kroken et al. (26) studied putative amino acid sequences of the PKS genes previously characterized in fungi and the PKS genes discovered from the genome sequencing projects for eight fungal species in the Ascomycota. PKS genes were found only in the genomes of the Pezizomycotina and not in the sequenced genomes of either Ascomycota in the Taphrinomycota or Saccharomycotina or Basidiomycota in the Hymenomycetes. Thus, we focused our search on the fungi in this subphylum. We aimed to mine valuable PKS genes from this fungal resource. One of the main objectives is to find novel secondary metabolites useful for medical or agricultural applications. One highly regarded example is the "vegetable caterpillar," where the fungus Cordyceps sinensis grows on Hepialidae caterpillars. The fungus has long been used in traditional Chinese medicine. Extracts of Cordyceps sinensis were reported to have a variety of therapeutic effects, for example, antitumor (6), antioxidant (42) , and antiaging (24) activities. The C. sinensisHepialidae pair is also called the "body snatcher". This name comes from the fact that the fungus infects and consumes the insect tissue and fills up the insect cavity with its mycelia. Thus, another objective is to find metabolites involved in interaction between fungal pathogens and their insect hosts. Insect pests pose tremendous losses to humans in regard to health issues (vectors of diseases) and economic issues (crop plant losses by insect pathogens and building structure damage by termites). Little was known regarding the roles of PKs in producing fungi on their interaction with insect host. Better understanding of this relationship might have implications for insect control.
We conducted our PKS screening using PCR with the degenerate KA series primers (2) . In addition to our preliminary PKS screening with these primers in a few fungi (2), the KA series primers were used to clone the reducing PKS gene for radicicol biosynthesis from the fungus Pochonia chlamydosporia, and later its whole biosynthetic cluster was revealed (37) . Here, the method and the primers were also proven to be successful in finding rich resources of hidden metabolic pathways for PK biosynthesis from 48 fungi that were isolated in Thailand and, particularly, have no genome sequences determined. In addition, more than 200 PKS genes were identified from our genome analysis of 13 filamentous fungi.
MATERIALS AND METHODS
Fungal strains, culture media, and genomic DNA preparation. Insect-pathogenic, lichenized, and plant-pathogenic fungi were grown at 25°C on potato dextrose agar (Difco) and potato dextrose broth (Difco) for preparation of inoculum and genomic DNA extraction, respectively. Marine-derived fungi were cultured on a modified malt extract agar (Oxoid, United Kingdom) and a modified malt extract broth (Oxoid) in which the powder was solubilized with seawater, which stimulated the growth of the marine fungi.
All the fungal strains used in this study were obtained from the BCC and the Department of Agriculture, Thailand (Table 1) . They were maintained by subculturing biweekly on the agar media as described above. E. coli strain DH5␣ was used for maintaining all plasmids. For genomic DNA isolation, fungi were grown in the liquid culture media as described above for 5 to 7 days. The fungal mycelia were lyophilized and ground into powder. Fungal genomic DNAs were extracted according to the method described previously by Reader and Broda (36) .
Amplification, cloning, and sequencing of the KS-AT regions. The KS conserved domain and the KS-AT interdomain region (referred to as KS-AT) was amplified from extracted fungal genomic DNA using PCR with the degenerate KA series primers (2) . The forward primer KAF1 was paired with the reverse primer KAR1 or KAR2 for PCR amplification of these PKS gene fragments. Approximately 100 ng of fungal genomic DNA was mixed with 1ϫ PCR buffer minus Mg (Invitrogen), 1 unit of recombinant Taq DNA polymerase (Invitrogen), 200 M of each deoxynucleoside triphosphate (Fermentas, Canada), 3.5 mM MgCl 2 , and 400 nM each of a forward and a reverse primer. Thermal cycling parameter was set for initial denaturation at 95°C for 2 min, followed by 35 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min. Final extension was performed at 72°C for 10 min. Each PCR product was separated by agarose gel electrophoresis, excised, and purified using a QIAquick gel extraction kit or QIAquick PCR purification kit (Qiagen). The purified DNA was ligated into the vector pCR 2.1 (Invitrogen). Further confirmation of the insertion and size of the PCR product insert was conducted using EcoRI excision that released the insert from the cloning vector (Fermentas). Finally, the insert was sequenced by Macrogen (South Korea).
Identification of PKS genes from fungal genomes. We identified all the PKS genes from each of the genomes of 13 ascomycetous fungi: Aspergillus clavatus NRRL 1 (14) niger genome sequencing was conducted at the DOE Joint Genome Institute (genome.jgi-psf.org/Aspni5). These fungi include three human pathogens, four plant pathogens, two model fungi, and four industrial fungi for protein/metabolite production. We performed annotated and BLAST (Basic Local Alignment Search Tool, National Center for Biotechnology Information [NCBI]) searches against each fungal genome. For the annotated search, PKS genes were retrieved using keywords "polyketide synthase" and fungal species names in Entrez, Protein and Gene (NCBI). For the BLAST search, the KS-AT region of a known PKS, AtLovF (without the KA series primers) was used as query in tBlastN or BlastP of genomic BLAST (NCBI). The hits with E values of less than 1eϪ10 were considered to have significant homology to PKS genes. The KS-AT regions were extracted from deduced amino acid sequences of these PKS genes. Putative proteins of PKS genes that have fewer than 1,000 amino acids in their total lengths and do not contain ExHGTGT, EAHATST, or closely related sequences and FSGHGAQW, FTGQGAQW, or closely related sequences (the conserved regions for the forward and reverse KA series primers, respectively) were not included in this study.
Sequence and phylogenetic analysis of PKS fragments. Sequences of the cloned fragments were searched for similarity to known proteins using BLAST search (NCBI). Putative introns were predicted using similarity search results in BLASTX and the presence of the GT/AG 5Ј and 3Ј intron splicing sites (21) . The software Genetyx (www.sdc.co.jp/genetyx) was used to digitally excise putative introns. All amplified PKS sequences were deposited in NCBI's GenBank databases. Reference amino acid sequences of each reducing/NR class of PKSs published in the literature were retrieved from NCBI database and used in the phylogenetic analysis (Fig. 1) . Their accession numbers are given in Table S2 in the supplemental material. All the amplified PKS fragments without the KA series primers (except AkpF1R2A1, which is too divergent from the rest) and the retrieved reference PKS sequences were aligned using CLUSTALX package 1.81 (41) . In addition, another multiple-sequence alignment was performed using the same set of PKS sequences described above as well as all the PKS genes retrieved from the 13 fungal genomes. The sequence alignments from CLUSTALX were edited using BIOEDIT version 7.0.4.1 (17) and exported in NEXUS format, in order to perform phylogenetic analysis using PAUP version 4.0b10 (40) .
To perform neighbor-joining (NJ) analysis, the alignment file can be directly analyzed using the NJ method with Kimura two-parameter model. For maximum-parsimony (MP) analysis, the alignment was used to search for the best tree via heuristic search, random stepwise addition of 10 replicates, and the treebisection-reconnection branch-swapping algorithm. Gaps were treated as missing data, and the Kishino-Hasegawa test was used to analyze the most parsimonious tree. After the trees were obtained from both NJ and MP analyses, the phylogram with branch length was saved in Newick format and viewed with TreeViewX version 1.6.6 (darwin.zoology.gla.ac.uk/ϳrpage/treeviewx).
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Nucleotide sequence accession numbers. Cloned PKSs with their GenBank accession numbers are provided in Table S1 in the supplemental material.
RESULTS AND DISCUSSION
One hundred forty-nine PKS genes in 48 tropical fungi. We screened a total of 48 filamentous ascomycetes that live in different habitats and include pathogens of insects, inhabitants of the ocean, symbionts with blue-green algae in the lichen complex, and phytoendophytic (a Phomopsis sp.) or phytoparasitic (Cercospora oryzae or Colletotrichum gleosporiodes) fungi (Table 1 ). All of these 48 fungal isolates contained at least one PKS gene fragment according to the PCR amplification with KA series primers. In this study, we found 149 PKS gene fragments from this group of fungi, an average of 3.1 PKSs detected per fungus. Nearly all (96%) of these fragments belonged to the reducing PKSs, the expected targets of the KA series primers. Newly cloned PKSs were distributed into the four reducing clades identified earlier (24) : clades I (20% of the total number of reducing PKSs), II (25%), III (11%), and IV (27%) ( Table 2 ). Fourteen percent of these reducing PKSs Fig. 1 and Table 2 ) according to our phylogeny. However, six PKS gene fragments (4% of the total number of all PKS genes) are within the main NR clade, including IsjC8, OpmF1R1_J2, OpmF1R1_J3, OpuF1R2A1, Opu2F1R1_D8, and PhaF1R1l. All these NR PKS fragments are from insect-pathogenic fungi. They appeared to be placed with the NR clade in both NJ and MP analyses (the NJ tree is shown in Fig. 1 ). These PKS fragments from Isaria javanica, Phaeographina sp., and the genus Ophiocordyceps were in the NR clade with 95% bootstrap support (Fig. 1) . The PKS fragments identified by the KA series primers have a nucleotide length of 0.5 to 1.2 kb (Fig. 2 and Table 2 ). The most common sizes of these fragments are between 0.61 and 0.8 kb (54% of all the cloned fragments) with either no, one, or two introns (Table 2 ). Other sizes include 0.51 to 0.60 kb (8%), 0.81 to 1.00 kb (35%), and 1.01 to 1.02 kb (3%). All the larger fragments (Ͼ0.80 kb) contained one to four introns; many of the introns in these fragments were more than 100 bp (Table  2) . Thus, the deduced amino acid sequences of these PKS fragments were usually 200 to 300 amino acids in length after removal of putative intron(s). Other studies tended to discard the PCR fragments larger than their expected sizes without sequencing to confirm whether these were actual PKS genes (Ͼ0.7 to 0.8 kb [4] and Ͼ0.3 kb [27] ). Here, we report that most of the large fragments were also PKS genes, and the larger size could just be due to the presence of an intron(s) in those fragments. In addition, among the 48 fungi we screened, the highest number of PKS genes found in one single fungus was six. There were three fungi that contained six PKSs according to PCR with KA series primers (Acremonium sp. strain BCC9275, Cordyceps pseudomilitaris, and Kallichroma glabrum); two of these are marine fungi.
The forward primer KAF1 used in this study was derived from the same conserved region (ExHGTGT) in the KS domain as that of LC2c or LC5c (4). However, our PCR amplification result indicated that the KAF1 primer paired with KAR1/2 primers (from the AT domain) detected considerably more PKS genes per fungus than LC2c or LC5c paired with LC1 or LC3 (4, 27, 29) . All the LC primers were generated only from the KS domain. The difference in number of obtained PCR products could be due to differences in PCR conditions, including magnesium concentration, type of Taq DNA polymerase, thermal cycling parameters, or amplification efficiency and compatibility of pairs of forward and reverse primers.
The KA series primers appeared to detect fewer reducing PKS genes (1 to 6 [ Table 2 ]) than those found in our analysis of the sequenced fungal genomes (9 to 28, [ Table 3] ). This result was expected and was accounted for in our analysis of fungal genomes by the finding that the conserved regions EA (c) HGTGT and FTGQGAQW/FSGHGAQW for the primers KAF1 and KAR1/2, respectively, are not present in many PKS genes in these genomes. Nonetheless, the average number of three PKS genes detected per fungus should suggest that PCR with KA series primers can be one efficient method to identify PKS genes from fungi whose genome sequences are not available. Two isolates of Ophiocordyceps unilateralis were included in our PKS screening, and both have four PKS genes detected with the primers (Table 2 ). Two of the four genes in each of the O. unilateralis isolates appeared to be homologous: OpuF1R2A5-Opu2F1R2D9, in reducing clade III, and OpuF1R1A3-Opu2F1R1_D2, in clade IV. Furthermore, we detected a PKS homolog in each of three isolates of Beauveria bassiana screened, and they were also in the reducing clade III (data not shown). Although our PCR conditions may not be optimal for all PKS genes, the KA series primers still could find a homologous gene probably common in different isolates of the same fungal species.
PKS genes in the genomes of filamentous fungi. To determine the presence and distribution of PKS genes in other fungi for which fungal genome sequences are available, we extracted 283 PKS genes from the 13 fungal genomes (Table 3) . Accession numbers of these PKSs are provided in Table S3 in the supplemental material. It is noted that we discarded the genes that appeared to be PKS-like (not full PKS proteins and not containing a full set of PKS minimal domains [KS-AT-ACP]). The number of PKS genes in each fungal genome was reported previously (8) . Here, we elaborated the classification of these genomic PKSs into subgroups. The majority (71%) of these PKSs are of the reducing type. They were classified into the four reducing clades (24): clades I (22% of the total number of reducing PKSs), II (23%), III (5%), and IV (24%) ( Table 3; see Fig. S1 in the supplemental material). The distribution of these genomic PKSs in the four reducing clades was fairly similar to that of our newly cloned PKSs (Table 2) . Twenty-five percent of these reducing PKSs were classified into the novel clades according to our phylogeny. Aspergillus oryzae and A. terreus have at least one PKS in each of reducing clades I to IV and distinct clades D1 to D4. Approximately one-fourth of the PKS genes from these fungal genomes are within the main NR clade. A. niger has 94% of reducing PKSs, compared with the average of 74% in this group of fungi. The fungus has a very high number of PKSs in each of the reducing clades I, II, and IV (Table 3) . A. niger is an industrial fungus used as a source for production of citric acid and many hydrolytic and oxidative enzymes. Also, the fungus is very commonly found in the environment (3). This may account, in part, for a wide array of PKS enzymes possibly for biosynthesis of various types of PKs for various ecological purposes. A. clavatus also has multiple PKSs in each of clades I and II.
Our KS-AT phylogeny is similar to the KS phylogenies and gives reliable predictions of PKS functions. Deduced amino acid sequences from the C terminus of the KS domain and the KS-AT interdomain region of the cloned PKS genes were used to generate multiple alignments and phylogenetic trees. These   FIG. 1 . NJ phylogenetic tree of deduced amino acid sequences of 149 fungal PKS gene fragments (amplified with KA series primers; marked in red, blue, and green for insect, marine, and lichenized fungi, respectively) and other known NR and reducing fungal PKSs and bacterial PKSs in the NCBI database (in black). Bacterial PKSs were used as the outgroup in the tree. Bootstrap analysis using NJ was conducted with 1,000 replicates, and values of Ն50% are given at nodes. Table 1 . b PCR products were determined by similarity searches using BLASTX, and the number of PKS genes detected in each fungus is indicated. c Putative intron sizes correspond to the PKS gene fragments in the adjacent column. "no" indicates that the gene fragment had no introns. Intron sizes in parentheses include the sizes of all the introns found in one PKS gene fragment.
d PKS genes belonging to novel reducing clades D1, D2, D3, D4, D5, and D6. If more than one PKS gene is present in each novel clade, the number of PKS genes is in parentheses.
PKS fragments contain approximately 110 to 120 amino acids of the KS domain and 100 to 110 amino acids of the KS-AT interdomain region. Mayer et al. (29) commented that there might be a limit to using our KA series primers in PKS gene searches and in classification of the resulting PKS fragments, perhaps due to their interpretation of the KS-AT region that we used. Despite its higher sequence variation than the KS domain, the KS-AT interdomain regions also indicated a pattern and gaps belonging to each PKS clade (those of reducing clade III are shown in Fig. S2 in the supplemental material) . Most residues in the analyzed KS-AT regions were parsimony informative with the PAUP software (251 informative versus 4 variable/uninformative and 6 constant characters). Furthermore, our tree generated by the KS-AT region matched the ones produced by the phylogenetic analyses of the KS domain alone (26, 27, 29) . Most of the PKS genes or gene fragments classified and designated in the study by Kroken et al. (26) still fall into the same reducing and NR clades in our trees. Regardless of the method we used (NJ or MP), the groupings of nearly all PKSs were highly similar. Clustering of the same groups of PKSs in reducing clades as well as NR clades was usually observed. a PKS genes were determined using annotated and BLAST searches (NCBI) against each fungal genome. b The NR clade basal to NR clades I and II in the phylogenetic tree (Fig. 1) . c PKS genes belonging to other reducing clades: D5, D6, and MSAS group (M). If more than one PKS gene is present in each of these clades, the number of PKS genes is in parentheses.
d The PKS gene is clustered with the bacterial PKS group.
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In many cases, our phylogenetic trees could correctly and strongly group PKSs responsible for biosynthesis of the same type of compounds. For example, PKSs for compactin and lovastatin (both inhibiting 3-hydroxy-3-methylglutaryl-coenzyme A reductase and used as cholesterol-lowering agents), AtLovB and PcMlcA (nonaketide synthases), and AtLovF and PcMlcB (diketide synthases) were tightly clustered (100% bootstrap support) (Fig. 1) . GzFUS1 has sequence similarity to a PKS from another Fusarium sp., GmPKS10, that synthesizes fusarin C. In our trees, GzFUS1 and GmPKS10 were grouped closely together (Fig. 1) , with 78% identity between them and 100% bootstrap support. In a recent study by Gaffoor et al. (15) , the functional analysis of Gzfus1 confirmed that the enzyme GzFUS1 was involved in the biosynthesis of the same compound. In our phylogenetic tree, the PKS fragment IsjF1R1C8 is clustered with PTRGpig3 from Pyrenophora trintici, which is involved in biosynthesis of a yellow pigment. Interestingly, the fungus Isaria javanica also produces the yellow color in culture (its main morphological characteristic) (data not shown).
Insect-and wood-specific reducing clade III PKSs. Although clade III was found in our tested fungi with the lowest frequency among four major reducing clades, it is the cluster with the highest sequence similarity among its members. Reducing clade III was also the only group where relationships between PKSs and fungal habitat could be strongly drawn. This clade III can be classified to the insect-specific group, the group basal to the insect-specific group, and the wood/plantspecific group (Fig. 3) . The insect-specific subclade of clade III included 12 members from 12 entomopathogenic fungi ( Fig. 1  and 3 ). They were always clustered with 97% bootstrap support (Fig. 1) . PKS gene fragments in this subgroup are so similar that their branch lengths in the phylogenetic tree ( Fig. 1) were even shorter than the genetic distance between pairs of PKS orthologs, i.e., compactin and lovastatin synthases (AtLovB versus PcMlcA [35% distant] and AtLovF and PcMlcB [47%]). Four PKSs in this group from B. bassiana, I. javanica, M. flavoviride, and P. tenuipes are extremely similar (less than 4% distant). Isolates of B. bassina and M. flavoviride have been widely used in biological control of insect pests (1, 34) . However, to further determine whether this subclade is really insect specific, we included all 283 PKS genes that we found from 13 genomes of fungi in various habitats in a comparable phylogenetic analysis (the whole phylogeny not shown here; see Fig. S1 in the supplemental material). The result indicated that there are only two PKSs from two different fungi falling into this insect-specific group (Fig. 3) . These are An13g02430 and ATEG_07067 from the widely used metabolite producers A. niger and A. terreus, respectively. None of the screened plant FIG. 3 . NJ tree of reducing clade III PKSs. The insect-specific clade III group I and the wood/plant-specific group W are shown on the tree. The KA primer-amplified PKS fragments in groups I and W are indicated by triangles and by black ovals, respectively. PKSs from fungal genomes are in parentheses. All PKSs in group I are from the fungi in the order Hypocreales, except for two Aspergillus PKSs from the order Eurotiales (marked with asterisks). The subgroup basal to the insect-specific group is indicated in the shaded area; these PKSs are mostly genomic. Bootstrap values of Ն50% are given at the nodes from the analysis using NJ with 1,000 replicates.
pathogen and human pathogen genomes contained the insectspecific clade III PKS genes.
The wood/plant-specific subgroup in clade III has five PKSs from amplification with KA series primers (Fig. 3) . These fungal sources are apparently from wood/plant-inhabiting origin (three wood-colonizing marine fungi, one lichenized fungus, and one wood-decaying fungus). The five PKSs show very high similarity (92 to 98% identity) in 222 amino acid sequences. Furthermore, seven other PKSs from fungal genomes were placed within this wood/plant-specific clade III groups (Fig. 3) and also plant related (e.g., four major plant pathogens, B. fuckeliana, M. grisea, P. nodorum, and S. sclerotiorum, and one common soil inhabitant with ability to decompose plant material, C. globosum), except N. crassa PKS1.
When we performed phylogenetic analysis of both the newly cloned PKSs and the genomic PKSs, we found that seven genomic PKSs from A. niger, A. oryzae, C. globosum, C. heterostrophus, M. grisea, N. crassa, and P. anserina as well as one newly cloned PKS, ComF1R1B, were loosely clustered (with significantly less than 50% bootstrap support) in the basal clade to the insect-specific clade III (Fig. 3) . This indicated that although these PKSs were placed in clade III with strong bootstrap support (94% in Fig. 3 ), they do not belong to either the I or W group.
The very conserved sequences of reducing clade III PKSs leads to the extremely tight cluster of PKSs from insect-pathogenic fungi, particularly the group from B. bassiana, C. pseudomilitaris, I. javanica, M. flavoviride, and P. tenuipes, compared with other clades. The reason for this remarkable insect-fungal PKS relationship could be because of a specific need of these fungi to preserve the clade III PKS sequence for their ecological needs. Our hypothesis is that the reducing clade III PKSs help fungi infect their insect host; the unique natural metabolite produced by these enzymes is, perhaps, essential for insect pathogenesis. This scientific question is challenging and is being investigated by our research group. Although analysis of fungal genomes suggested the presence of two PKSs from apparently non-insect-pathogenic fungi in the I group (Fig. 2) , it may suggest that the two Aspergillus species may be opportunistic/rare insect pathogens. Although A. niger is less known as being insect pathogenic, metabolites of A. niger IHCS-4 had insecticidal activity against Chrysomya chloropyga larvae (13) and termites (39) . In contrast, no literature showed any insecticidal activity or insect colonization by A. terreus.
It is well known that in a PKS the KS domain is the most conserved. In contrast, the KS-AT interdomain region is usually more variable. However, the interdomain parts of the reducing clade III PKSs still remained highly conserved (see Fig. S2 in the supplemental material). The alignment within this region identifies conserved regions (Table 4 ) specific for all-insect fungal clade III, more specifically, widely used insect biocontrol agents in clade III including B. bassiana, M. flavoviride, and P. tenuipes, or the Ophiocordyceps genus, and wood-inhabiting clade III. These include QHP and ERRT (S) H for insect-pathogenic fungi versus QRP and QRRSL for woodinhabiting fungi (Table 4) . It would be relevant to test whether site-direct mutagenesis could prove that the conserved regions in these reducing clade III PKSs are essential for the fungi to thrive in those habitats.
Numerous newly cloned PKS-NRPS hybrids in reducing clade II. All the 17 reference clade II PKSs (indicated by "Cl2" at the ends of names in Fig. 1 ) have the CON-AMP-PP (nonribosomal peptide synthetase [NRPS] module) in addition to the common PKS domains, except for AtLovB and PcMlcA, the PKSs for the statin-like compounds. Nevertheless, these two PKSs have CON and the N terminus of the AMP domains (38) . Here, we isolated 38 potential PKS-NRPS hybrids that were clustered with a high bootstrap support (96%) in reducing clade II ( Fig. 1 and Table 2 ). Also, there are 47 more clade II PKSs from fungal genomes (Table 3) . Many important secondary metabolites are synthesized by PKS-NRPS hybrids (8) . Functional analysis of these PKS genes could be useful to determine whether these PKS enzymes are involved in biosynthesis of valuable target compounds. In addition, the nature of these hybrid compounds, which have both PK and amino acid residues, provides a rich source of diverse secondary metabolite compounds and a possibility for shuffling between PK and amino acids using this pool of PKS-NRPS hybrids.
Similar to the tight clustering of clade III, six newly cloned reducing clade II PKSs are found only in insect-pathogenic fungi, with 64% bootstrap support: AknF1R1E, AstF1R1B2, CopF1R1B1, CopF1R1F, GibF1R1B, and IsjF1R2D3. These fungi belong to the families Cordycipitaceae (five fungi) and Clavicipitaceae (one fungus) in Hypocreales (Fig. 1) . B. bassiana TenS, involved in the biosynthesis of tenellin and initially presumed to be involved in insect pathogenesis, was later found to be unnecessary for infection of wax moth larvae (11) . Whether this PK/peptide hybrid might be needed in a different stage in this insect or specific for other insects is unclear. However, our phylogenetic analysis also placed TenS outside this insect-specific clade II group. Distinct clades of reducing fungal PKSs and proposed designation of reducing clade V. Our alignment and phylogenetic analysis discovered four distinct clades. These clades were distinguished from the existing clades (26) as determined by both the NJ and MP analyses, with higher than 75% bootstrap support. The first two novel clades were usually associated with the reducing clade IV (26) . The first group (D1) consisted of nine newly cloned PKS genes with a very strong bootstrap support (100%) (BebF1R1A2, CopF1R2E, EpiF1R2B1, GraF1R1C, LirFiR1B2, MicF1R2D, NagF1R1B1, PyrF1R2A1, and XylPKSKA1) as well as one reference PKS, BfPKS10, previously classified as clade IV by Kroken et al. (26) (group D1 in Fig. 1 ). All members in this group were from marinederived or lichenized fungi, except for two PKSs from B. bassiana and C. pseudomilitaris. We propose to designate this monophyletic group reducing clade V. The second group (D2), with 83% bootstrap support, has five members; all were newly cloned with the KA series primers (AstF1R1B, BebF1R2B3, HymdF1R2_J9, PhoF1R2B, and XylF1R1A3).
A group of previously identified clade I PKSs (AtlovFCl1, ChPKS3Cl1, and PcmlcBCl1) were reclassified in our study as the third distinct clade (D3 in Fig. 1 ). Although they were classified as other clades by Kroken et al. (26) , our phylogenetic analysis of the KS-AT region revealed that these PKSs form a distinct group (90% bootstrap support) from the previously identified clades. Clade D3 also included three newly cloned PKSs (AcrF1R2A5, KagF1R1A, and SarF1R1B1) from two marine fungi and one lichenized fungus. Finally, clade D4 contained ChPKS1Cl1, CHPKS7Cl1, and DmPKS1Cl1 (reference PKSs) and CopF1R1XA and LecF1R1B1 (newly cloned PKSs), with 79% bootstrap support. The difference in clade assignment of these PKSs between this study and that of Kroken et al. could be due to the difference in regions used in the phylogenetic analysis: the KS-AT region (this study) versus KS (26) . Another reason is perhaps because clades I and IV clustered with only moderate bootstrap support (67 and 61%, respectively, in the study by Kroken et al. [26] ) compared with their reducing clades II and III (100 and 97% [26] ). In our phylogeny, none of the reference PKSs in clades II and III were classified in different clades from the original classification (26) . Likewise, none of the reference PKSs in clades I and IV were placed in clades II and III in our tree.
In addition, one clade, D5, consisted of only two PKSs, AstF1R2A1 and MeaF1R2A1. This clade also included three PKSs from the fungal genomes searched with 100% bootstrap support (see Fig. S1 in the supporting material). Lastly, clade D6 was grouped with 51% bootstrap and was composed of seven members: the PKS gene fragments AcrF1R1B7 and AcrF1R1A12 (from Acremonium sp. strain BCC9257), GraF1R2B (Graphis afzelii), KagF1R2Y (Kallichroma glabrum), LirF1R1A2 (Lineolata rhizosphorae), and MasF1R1B (Massarina sp. strain BCC18015) and one reference PKS, PKS2 from Botryotinia fuckeliana (Fig. 1) . Interestingly, these PKSs were mostly from marine fungi, except that there was one PKS from a lichenized fungus.
The finding of new clades, particularly D1 and D2, which are composed of nearly all or all PKS genes that we identified from the tropical fungi is fascinating. It suggests that natural fungal resources in a certain geographical region such as Thailand might be valuable sources for unique PKS enzymes. Duke et al. (10) suggested that the fungi that possess unique PKS genes are more likely to produce unique and interesting PKs. We speculate that the PKSs in these distinct clades might be involved in the biosynthesis of new PK compounds with novel structures. Further investigation of PK products generated by these enzymes should be highly worthwhile.
Distribution and evolution of clade III PKS genes within Pezizomycotina. All the insect fungi in this study are from the class Sordariomycetes (Table 1 ). The insect fungal group that has PKSs in clade III is from the order Hypocreales (Fig. 3) . However, after assembling data from genomic PKSs, two PKSs from Aspergillus species were placed within this group, which added members from a different fungal order, Eurotioles (class Eurotiomycete). Within this fungal class, A. niger, A. oryzae, and A. terreus have PKSs in clade III, whereas A. clavaus, A. fumigatus, A. nidulans, and Neosartorya fischeri (a close relative of A. fumigatus) do not (Table 3 ). This division closely followed the taxonomy of this Aspergillus group (35) . This suggests that clade III PKS genes might have been lost in the A. clavaus-A. fumigatus-A. nidulans lineage during the split between these two Aspergillus subgroups. Nevertheless, classification of PKSs within this insect-specific branch fairly follows the classical taxonomy, in which these PKSs are remarkably clustered in the families Cordycipitaceae and Ophiocordycipitaceae (Fig. 3) .
In addition, it should be noted that each fungus had only one PKS gene in the reducing clade III. In contrast, in the other three reducing clades some fungi contained more than one PKS gene, for example, Aschersonia tubulata (three PKSs in clade II), Cordyceps pseudomilitalis (three in II), Hymenostilbe sp. strain BCC1571 (three in IV), Kallichroma glabrum (three in IV), Ophiocordyceps unilateralis (three in IV), Phomopsis sp. strain BCC9451 (three in I), and Xylaria sp. strain BCC1067 (four in I) ( Fig. 1 and Table 2 ). This multi-PKS presence of each clade in each fungus was even more evident when analyzing fungal genomes. There are 4 (clade I) and 7 (II) PKSs in A. clavatus; 10 (I), 6 (II), and 8 (IV) in A. niger; and 7 (I) and 4 (II) in M. grisea (Table 3) . Furthermore, there was evidence of duplicate copies of nearly identical PKS genes in the same fungi in clade IV. Three pairs of very similar PKSs were found in Colletotrichum gleosporiodes, Hymenostilbe sp., and Kallichroma glabrum: CogF1R2B and CogF1R1A1, HymF1R1D and HymF1R1B, and KagF1R1E and KagF1R2E (Fig. 1) . These genes might be relatively important for these fungi, as each pair in each fungus may have compensatory functions. These results support the theory of gene duplication in the evolutionary process of PKS family suggested by Kroken et al. (26) and Jenke-Kodama et al. (23) . Taking the results together, duplication and divergence may be common in reducing clades (20) . It is noted that this isolate of C. nipponica also has two PKS-NRPS hybrids, CniF1R1E and CniF1R2A, in reducing clade II, which are adjacent to B. bassiana TenS, which is involved in biosynthesis of another 2-pyridone tenellin in our phylogentic tree (Fig. 1) . We perhaps should make no further speculation about the link between the two C. nipponica PKS-NRPS genes found in this study and the pyridines produced from this fungus. However, this study identifies a potential correlation between our genetic data and the biochemical data described previously. Targeted disruption of the two hybrid genes would determine their involvement in biosynthesis of cordypyridones A to D in C. nipponica. Two other fungi screened in this study also produce bioactive compounds. C. pseudomilitaris BCC1620 produces 11 bioxanthracenes and two monomers, with antimalarial activity (22) , whereas P. tenuipes BCC1614 produces three cyclohexadepsipeptides, beauvericins A to C (32) .
In summary, we identified a potential and diverse collection of PKS genes from our tropical fungi. Unique and intriguing relationships between the fungal enzymes, the fungal habitats, and the fungal natural products were observed and discovered. These are subjects of our ongoing and future studies to determine whether experimental evidence would support our hypotheses.
